Cellular redox potential is important for the control and regulation of a vast number of processes occurring in cells. When the fine redox potential balance within cells is disturbed it can have serious consequences such as the initiation or progression of disease. It is thought that a redox gradient develops in cancer tumours where the peripheral regions are well oxygenated and internal regions, further from vascular blood supply, become starved of oxygen and hypoxic. This makes treatment of these areas more challenging as, for example, radiotherapy relies on the presence of oxygen. Currently techniques for quantitative analysis of redox gradients are limited. Surface enhanced Raman scattering (SERS) nanosensors (NS) have been used to detect redox potential in a quantitative manner in monolayer cultured cells with many advantages over other techniques. This technique has considerable potential for use in multicellular tumour spheroids (MTS) -a three dimensional (3D) cell model which better mimics the tumour environment and gradients that develop. MTS are a more realistic model of the in vivo cellular morphology and environment and are becoming an increasingly popular in vitro model, replacing traditional monolayer culture. Imaging techniques such as transmission electron microscopy (TEM), scanning electron microscopy (SEM) and helium ion microscopy (HIM) were used to investigate differences in morphology and NS uptake in monolayer culture compared to MTS. After confirming NS uptake, the first SERS measurements revealing quantitative information on redox potential in MTS were performed.
INTRODUCTION
Cell culture is used extensively for the in vitro study of cellular characteristics including morphology, chemical composition and response to drug and therapy treatment. Typically cells are cultured as a monolayer growing on a flat surface such as a petri dish or flask. While this simple setup has been used to provide invaluable cellular information, it suffers from the drawback that the cells are not growing in a realistic physiological environment. In vivo cells exist in a 3D environment where their primary physical contacts are with surrounding cells and the extracellular matrix (ECM). 1 In monolayer culture there is very little contact with other cells -the primary contacts being with the flat surface on which they are growing and the media they are growing in. The 3D environment in vivo gives rise to important differences in cellular characteristics compared to monolayer culture and for this reason 3D cell culture techniques are now being more frequently employed. 2 In particular 3D techniques are useful in the study of cancer as, when a tumour grows, gradients in characteristics such as oxygen concentration, pH and nutrient concentration develop as the central regions of a tumour mass become further from the well organised vasculature of the body providing oxygen and nutrients to cells. 3, 4 Multicellular tumour spheroids (MTS) are a 3D cell culture model for the study of cancer. 1, 5 Due to the 3D nature of this model, techniques for analysis of cells grown in this way are complicated particularly by instrumental limitations in z imaging depths. 6, 7 Traditional histology techniques have been used to analyse paraffin embedded and sectioned MTS for attributes such as growth characteristics 8 ; changes in morphology; hypoxia using reporters such as Hypoxyprobe TM9 ; and protein expression using immunohistochemistry 10 . These techniques have limitations in that they cannot be performed on live cells and fixing, embedding and sectioning can introduce artefacts and deformities. Fluorescence 11 and bioluminescence 12 have also been used when analysing characteristics such as pH and nutrient concentration but imaging depth is still a limitation. Other techniques such as transmission electron microscopy (TEM) 13, 14 and scanning electron microscopy (SEM) [15] [16] [17] have been used to analyse morphological characteristics of MTS but again require fixing and, in the case of TEM, sectioning of samples.
A characteristic of particular interest in cancer tumours is intracellular redox potential. This is a measure of the oxidising potential of the intracellular environment and exists as a delicate balance between oxidants such as reactive oxygen species (ROS), antioxidant enzymes and reductants such as NADH/NADPH. [18] [19] [20] [21] [22] Intracellular redox potential is tightly regulated in healthy cells and when this is disrupted disease can often progress. [23] [24] [25] Disease is often associated with excessive ROS and oxidative stress at one end of the scale and lack of oxygen and hypoxia at the other. This is an important characteristic to consider in cancer tumours as cells near the centre of a tumour mass become increasingly far from the organised blood supply carrying oxygen to cells. Currently techniques for measuring hypoxia in MTS as a tumour model are limited and the 'gold standard' technique is to use small molecules like Hypoxyprobe TM26-29 which are reductively metabolized under hypoxic conditions and detected in paraffin embedded and sectioned samples by antibody detection and either colorometric or fluorescence detection. These probes give limited quantitative information however as they only report on whether the environment was above or below a certain limit. They also require fixing and sectioning MTS and therefore cannot be used for live cell dynamic measurements.
Our group has previously used SERS NS to monitor intracellular redox potential quantitatively in live cells in monolayer culture. [30] [31] [32] In this technique, NS are prepared by attaching redox sensitive probe molecules to gold nanoparticles (NPs) and delivered to cells, SERS spectra are then collected and allow redox potential to be determined by ratiometric analysis of resultant signals. In this paper we extend this technique to MTS to allow quantitative analysis of redox potential in 3D culture and combine it with imaging techniques for analysis of morphological differences between monolayer and MTS culture and NS uptake. Specifically, we used TEM to analyse NS uptake and probe morphological differences between monolayer culture and MTS; Helium Ion Microscopy (HIM) 33 (a relatively new technique that provides increased image resolution in comparison to SEM and removes the need for sample coating) to reveal morphological differences of MTS compared to monolayer culture and provide information on NS uptake at a surface level and SEM to reveal NS uptake below the surface of MTS.
METHODOLOGY NS functionalisation
Aqueous suspensions of NPs (2.2 × 10 9 particles/ml, 3.65 pM) were purchased from Nanospectra Biosciences. NPs had a 150 nm diameter with a 125 nm silica core and 25 nm gold shell and were resonant at 782 nm. For NQ-NP (where NQ refers to a naphthaquinone reporter), NPs were functionalised with 100 µM NQ solution overnight in 10% EtOH solution. Functionalised NQ-NPs were washed 3 times with water. For AQ-NP (where AQ refers to an anthraquinone reporter), NPs were functionalised with 100 µM AQ solution overnight in 1% DMSO solution. Functionalised AQ-NPs were washed 2 times with water.
General Cell Culture Procedures
All cellular work was carried out using MCF7 human breast cancer cells. Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Gibco; 31885-023), supplemented with penicillin/streptomycin (Invitrogen, 10,000 units/ml) and 10% heat-inactivated Foetal Calf Serum (FCS, Sigma). Cells were incubated at 37 °C and 5% CO 2 in a humidified incubator.
For monolayer culture 1 × 10 5 cells were plated on a coverslip in a 6 well plate or 35 mm glass bottomed imaging dish. The following day, growth media was replaced with media without FCS or remained the same. After 1-2 hrs, functionalised NS were added at a concentration of approximately 170 fM and cells were incubated overnight. The next day, media was removed, cells were washed and media was replaced with normal growth media before performing SERS measurements.
For MTS, cells were split into 25 cm 3 flasks. The following day growth media was replaced with media without FCS. After 1-2 hrs, functionalised NS were added at a concentration of approximately 200 fM and cells were incubated overnight. The next day cells were trypsinised and resuspended in growth media before forming 20 µl hanging drops of cell suspension on the lid of a petri dish. Growth media was added to the petri dish and the lid placed back on and MTS were grown for 6 days.
General SERS information
SERS spectra were recorded with a Reinshaw inVia Raman Microscope and Spectrometer. A 785 nm diode laser with ∼6 mW power at the sample was used, along with a 10 × and 50 × Olympus objective to focus laser light onto the gold NS. SERS spectra were processed using WIRE TM 2.0 software and Origin 8.5.
Intracellular SERS measurements
When performing SERS measurements in cells a line focus laser was used. A rough map was firstly performed over a cell with an X step of 5.0 µm and a Y step of 3.56 µM, 1580 cm -1 center and 2 or 3 s acquisition time at 50% laser power. Where a signal was observed in the resulting spectra, coordinates were noted and a more detailed map with an X step of 1 µm and a Y step of 1.19 µm, 1580 cm -1 center and 30 s acquisition time at 10% laser power was recorded. This generated 147 spectra in just under 4 minutes.
SERS data processing
Spectra were analysed using Origin 8.5 software. Firstly all spectra from a single map were analysed by eye to determine the spectra with NQ-NP signals present. For all spectra with signals smoothing was performed 4 times using a Savitzky-Golay algorithm and 9 points of window. An 8 point baseline was then subtracted by manually placing the points. Peak intensities of peaks in the region of 1570-1588 cm -1 and 1630-1648 cm -1 were then determined using the peak finding function and the 1 st derivative method. The ratio of the peak intensity at 1630-1648 cm -1 to that at 1570-1588 cm -1 was used along with calibration data from previous work in our group 30 to determine redox potential from each spectrum.
Transmission electron microscopy (TEM)
Cells or cell spheroids were fixed in 0.5% gluteraldehyde in 0.1 M sodium cacodylate or PBS for about 2 hrs. Cells in monolayer culture were scraped and transferred to an eppendorf tube where they were pelleted by centrifugation before removing fixative and adding PBS. Cell spheroids were fixed in an eppendorf tube before removing excess fixative and adding PBS.
Osmium tetroxide solution was prepared by mixing 1 part 4% osmium tetroxide, 1 part 6% potassium ferrocyanide, 1 part 0.4 M sodium cacodylate and 1 part dH 2 O. Excess PBS supernatant was removed from the samples and osmium tetroxide solution (100 -200 µl per sample) was added and cells incubated for 10-15 minutes. Osmium tetroxide solution was removed and the samples were washed with distilled water (3 x 5 min). Using a glass vial rotator for subsequent steps, 50% ethanol was added to the samples and they were transferred into small glass vials. After 10 mins, 50% ethanol was removed and 70% ethanol added to each sample, making sure the sample did not dry out during exchange. A further series of graded ethanol steps were carried out (80%, 90%, 95% and 2 x 100%) with 10 min incubation per step. Following this 2 x 15 min propylenoxide incubations were carried out, before adding a 1:1 mix of epoxy resin in propylenoxide and incubating overnight with a sealed lid. The next morning, lids were removed from the vials and the samples were incubated for a further 3 hours on the rotator until the propylenoxide had evaporated. Cell fragments were taken out, gently blotted on filter paper, placed inside the PVC lids and fresh epoxy resin added. After a further 4 hours incubation, the blotting of fragments was repeated and the fragments were placed in PVC capsules for making the final blocks and filled with fresh epoxy resin. Capsules were placed in oven at 60 ° for 24 hours. 70 nm sections were taken using a diamond knife. Sections were positioned on copper grids and stained with lead citrate before examining and photographing with a Jeol JEM transmission electron microscope connected to a digital camera.
Helium ion microscopy (HIM)
Monolayer cultured cells grown on a coverslip and incubated overnight with functionalised NPs as described previously or MTS grown as described previously were fixed in 0.5% gluteraldehyde in 0.1 M sodium cacodylate or PBS. Samples were mounted on a sticky carbon stub and analysed using a Zeiss Orion Plus Helium Ion Microscope running at 30 kV with 10 µm aperture, an Everhart Thornley detector and charge neutralization achieved using an electron flood gun.
Scanning electron microscopy (SEM)
Samples were prepared as for SEM and analysed using a Zeiss Ultra SEM.
RESULTS
Previously SERS NS functionalised with redox active molecules NQ and AQ have been used to measure intracellular redox potential in NIH/3T3 mouse fibroblast 30 , A549 31 and EA.hy926 32 cells in monolayer culture. The primary goal of this research was to use these NS to measure intracellular redox potential in MTS, in particular MCF7 breast cancer MTS.
TEM
TEM was used primarily to confirm NS uptake but could also be used to reveal morphological differences over a restricted field of view. Figure 1 compares monolayer and MTS cell morphology by TEM where the primary difference is the increase in cell-cell interactions in MTS, mimicking better the in vivo environment.
TEM was used to confirm uptake by MCF7 cells in a similar way to previous work and secondly to confirm that NS remained in cells over extended periods of time up to 7 days after incubation with cells. Previous work with monolayer cells employed an overnight incubation with NS before taking SERS measurements the following day but as MTS take several days to grow, we used TEM to confirm that NS were maintained inside cells over a longer time period. To form MTS that contained NS, NS were added in monolayer culture before forming MTS from the resultant cell suspension and growing for 6 days in hanging drops -as a comparison between 2D and 3D we also examined cells that were incubated with NS overnight before growing for either a further 6 days in monolayer culture or as MTS. Figure 2 shows TEM images of NQ-NPs in MCF7 cells in monolayer culture after 24 hours incubation with NQNPs before fixing. NQ-NPs were found both free in the cytosol (Figure 2(b) ) and inside endosome structures (Figure 2(c) ). This confirmed uptake of NS to MCF7 cells. Interestingly some NQ-NPs were found on the outside edge of cells (Figure 2(a) ), as if in the process of being taken up. 
SEM & HIM
HIM provides increased resolution to SEM for comparison of morphological features of MTS and monolayer cultured cells. 33 While SEM often requires samples to be coated in gold prior to analysis, this is not required for HIM. As coating can remove a lot of surface features HIM allows surface detail to be more accurately visualised in comparison to SEM. Figure 5 compares cell morphology of monolayer cultured MCF7 cells (Figure 5(a) ) to MTS over both a larger field of view to image the whole MTS ( Figure 5(b) ) and a smaller field of view showing cell-cell interactions ( Figure 5(c) ).
It is possible to use HIM to visualise the interaction of NS with cells. Figure 6 shows NS interacting with cells in monolayer culture. This is limited to visualizing NS on the surface of cells as this technique is highly surface sensitive. Interestingly NS with different functionalities appeared to interact differently with cells. Figure 6 Figure 6 (d) however they are fewer and often only single NQ-NPs are seen as in Figure 6(c) . This is likely due to the differing properties of NQ and AQ -AQ is more hydrophobic.
While HIM provided some information regarding NS interaction with the surface of cells in monolayer culture it was difficult to extend this technique into MTS as there were fewer instances of NS being present on the surface of cells on the outside of MTS. In order to try and visualise NS in MTS, SEM was performed using backscattered electron detection to detect NS just below the surface of cells (Figure 7 ). This technique allowed NS to be visualised successfully however it was only possible to see NS just below the surface of cells so had limited applicability for looking at distribution over the whole MTS. These images also allowed comparison of resolution to those captured using HIM where much greater resolution was achieved in HIM. 
SERS
After confirming NS uptake in both monolayer culture and MTS, SERS was used to investigate redox potential in both cases using the probe NQ-NP (Figure 8(a) ). 30 For calibration, spectra of NQ-NPs dried onto a slide and covered by buffer were recorded at different redox potential values set using a potentiostat (as previously published). The ratiometric response of signals in the spectrum assigned to C=O stretching at 1630-1648 cm -1 and aromatic ring breathing at 1577-1600 cm -1 was used to construct a calibration plot and equation for determining redox potential. The C=O stretching signal increases in intensity with increasing oxidising potential of the environment due to an increased proportion of NQ being present in the oxidised form where C=O bonds are present.
For monolayer culture MCF7 cells were plated and incubated with NQ-NPs overnight as described in the experimental section before carrying out SERS on the cells. Figure 8(b) shows a typical SER spectrum of NQNPs from a cell in monolayer culture, which gave a redox potential of -260 mV. Figure 9 summarises redox potential obtained in monolayer culture cells giving a mean potential of -260 ± 4.5 mV.
After applying the previously established technique to the MCF7 cells of choice in monolayer culture, resulting in redox potential values expected, work began to expand this technique to samples prepared in 3D as MTS. As already discussed and detailed in the experimental section, cells were incubated with NQ-NPs in monolayer culture before growing the resultant cell suspension in hanging drops to form MTS. Regions of MTS were then mapped in a similar way to monolayer cultured cells as detailed in the experimental section. As MTS are much larger, this meant only small regions of MTS could be mapped at a time and at this stage, detection of whole MTS variations in redox potential were not possible. The number of spectra obtained for a single map was much greater than that for monolayer cultured cells, possibly due to the additional z direction from which signals could be obtained. Figure 9 illustrates the distribution of redox potential values obtained from a single map of NQ-NPs from an MTS compared to the previously obtained values for monolayer culture. The average redox potential of -268 ± 5.9 mV was more negative than that for the values obtained in monolayer culture, which would be expected from the more hypoxic nature of MTS. Some spectra had no C=O stretching peak (fully reduced NQ). A one way ANOVA confirmed that redox potential values in monolayer culture compared to MTS were 
CONCLUSIONS
MTS are becoming increasingly important as a cell culture model that mimics the in vivo environment better than the traditional monolayer culture and these results reveal some of the important characteristics that develop in this 3D environment. Cell morphology and NS uptake were measured and monitored using TEM, SEM and HIM. TEM was used primarily to confirm both the uptake of functionalised NPs to MCF7 cells in monolayer culture for the first time and that they remained present in cells in both monolayer culture and MTS over extended periods of time up to one week. HIM is a relatively new technique that was used for the first time to study NS uptake in MCF7 cells in monolayer and MTS culture and reveal significant morphological differences between cells in monolayer culture and MTS. While it provided little information about NS uptake in MTS, detection of backscattered electrons by SEM allowed some NS to be visualised in MTS but also revealed the much greater image resolution of HIM compared to SEM. SERS has been used for the first time to reveal quantitative information regarding intracellular redox potential in MCF7 MTS. These initial experiments used the redox probe NQ-NP, previously developed in our group, to probe intracellular redox potential in MCF7 cells in both monolayer culture and MTS. As expected, results revealed a significantly lower and more varied intracellular redox potential state in MTS compared to monolayer culture. All techniques collectively revealed increased information on NS uptake in monolayer culture and MTS, important differences in morphology between monolayer culture and MTS and important quantitative differences in characteristics of MTS, specifically intracellular redox potential, in comparison to monolayer culture.
